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At permanent or temporary storage of radioactive waste (RAW) one of the major challenges is to reduce radiation exposure. The 
questions about layout of model tanks with a fixed total number of RAW along the line are considered. It has been shown that when
radiation sources with the same activity are placed at a specified distance from the line, the dose rate depends on the number of
sources. The methodology of determining activities of N sources providing minimum dose rate at a specified distance from the 
distribution line has been developed. It has been shown that there is an optimal number of sources with a certain activity, as well as 
their layout at which the exposure dose is minimal at a specified distance from the source disposal line. 
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ɉɪɢ ɩɨɫɬɿɣɧɨɦɭ ɚɛɨ ɬɢɦɱɚɫɨɜɨɦɭ ɡɛɟɪɿɝɚɧɧɿ ɪɚɞɿɨɚɤɬɢɜɧɢɯ ɜɿɞɯɨɞɿɜ (ɊȺȼ) ɨɞɧɿɽɸ ɡ ɝɨɥɨɜɧɢɯ ɩɪɨɛɥɟɦ ɽ ɡɦɟɧɲɟɧɧɹ
ɪɚɞɿɚɰɿɣɧɨʀ ɜɩɥɢɜɭ. Ɋɨɡɝɥɹɞɚɸɬɶɫɹ ɩɢɬɚɧɧɹ ɪɨɡɦɿɳɟɧɧɹ ɭɡɞɨɜɠ ɥɿɧɿʀ ɦɨɞɟɥɶɧɢɯ ɽɦɧɨɫɬɟɣ ɡ ɮɿɤɫɨɜɚɧɨɸ ɫɭɦɚɪɧɨɸ ɤɿɥɶɤɿɫɬɸ
ɊȺȼ. ɉɨɤɚɡɚɧɨ, ɳɨ ɩɪɢ ɪɨɡɫɬɚɜɥɹɧɧɿ ɞɠɟɪɟɥ ɜɢɩɪɨɦɿɧɸɜɚɧɶ ɨɞɧɚɤɨɜɨʀ ɚɤɬɢɜɧɨɫɬɿ, ɩɨɬɭɠɧɿɫɬɶ ɞɨɡɢ ɧɚ ɡɚɞɚɧɿɣ ɜɿɞ ɥɿɧɿʀ
ɜɿɞɫɬɚɧɿ ɡɚɥɟɠɢɬɶ ɜɿɞ ɤɿɥɶɤɨɫɬɿ ɞɠɟɪɟɥ. Ɋɨɡɪɨɛɥɟɧɚ ɦɟɬɨɞɢɤɚ ɜɢɡɧɚɱɟɧɧɹ ɪɨɡɩɨɞɿɥɭ ɚɤɬɢɜɧɿɫɬɟɣ N ɞɠɟɪɟɥ, ɳɨ ɡɚɛɟɡɩɟɱɭɸɬɶ
ɦɿɧɿɦɚɥɶɧɭ ɩɨɬɭɠɧɿɫɬɶ ɞɨɡɢ ɧɚ ɡɚɞɚɧɿɣ ɜɿɞɫɬɚɧɿ ɜɿɞ ɥɿɧɿʀ ɪɨɡɦɿɳɟɧɧɹ. ɉɨɤɚɡɚɧɨ, ɳɨ ɿɫɧɭɽ ɨɩɬɢɦɚɥɶɧɟ ɱɢɫɥɨ ɞɠɟɪɟɥ ɡ ɩɟɜɧɨɸ
ɚɤɬɢɜɧɿɫɬɸ, ɚ ɬɚɤɨɠ ɩɨɪɹɞɨɤ ʀɯ ɪɨɡɫɬɚɜɥɹɧɧɹ, ɩɪɢ ɹɤɨɦɭ ɩɨɬɭɠɧɿɫɬɶ ɞɨɡɢ ɦɿɧɿɦɚɥɶɧɚ ɧɚ ɡɚɞɚɧɨɦɭ ɜɢɞɚɥɟɧɧɿ ɜɿɞ ɥɿɧɿʀ
ɪɨɡɦɿɳɟɧɧɹ.
ɄɅɘɑɈȼȱ ɋɅɈȼȺ: ɜɢɩɪɨɦɿɧɸɜɚɧɧɹ, ɝɚɦɚ-ɤɜɚɧɬɢ, ɩɨɬɭɠɧɿɫɬɶ ɞɨɡɢ, ɚɤɬɢɜɧɿɫɬɶ, ɞɠɟɪɟɥɨ ɜɢɩɪɨɦɿɧɸɜɚɧɧɹ, ɦɿɧɿɦɚɥɶɧɚ
ɩɨɬɭɠɧɿɫɬɶ ɞɨɡɢ.
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ɉɪɢ ɩɨɫɬɨɹɧɧɨɦ ɢɥɢ ɜɪɟɦɟɧɧɨɦ ɯɪɚɧɟɧɢɢ ɪɚɞɢɨɚɤɬɢɜɧɵɯ ɨɬɯɨɞɨɜ (ɊȺɈ) ɨɞɧɨɣ ɢɡ ɝɥɚɜɧɵɯ ɩɪɨɛɥɟɦ ɹɜɥɹɟɬɫɹ ɭɦɟɧɶɲɟɧɢɟ
ɪɚɞɢɚɰɢɨɧɧɨɝɨ ɜɨɡɞɟɣɫɬɜɢɹ. Ɋɚɫɫɦɚɬɪɢɜɚɸɬɫɹ ɜɨɩɪɨɫɵ ɪɚɡɦɟɳɟɧɢɹ ɜɞɨɥɶ ɥɢɧɢɢ ɦɨɞɟɥɶɧɵɯ ɟɦɤɨɫɬɟɣ ɫ ɮɢɤɫɢɪɨɜɚɧɧɵɦ
ɫɭɦɦɚɪɧɵɦ ɤɨɥɢɱɟɫɬɜɨɦ ɊȺɈ. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɩɪɢ ɪɚɫɫɬɚɧɨɜɤɟ ɢɫɬɨɱɧɢɤɨɜ ɢɡɥɭɱɟɧɢɣ ɨɞɢɧɚɤɨɜɨɣ ɚɤɬɢɜɧɨɫɬɢ ɦɨɳɧɨɫɬɶ
ɞɨɡɵ ɧɚ ɡɚɞɚɧɧɨɦ ɨɬ ɥɢɧɢɢ ɪɚɫɫɬɨɹɧɢɹ ɡɚɜɢɫɢɬ ɨɬ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɤɨɥɢɱɟɫɬɜɚ ɢɫɬɨɱɧɢɤɨɜ. Ɋɚɡɪɚɛɨɬɚɧɚ ɦɟɬɨɞɢɤɚ
ɨɩɪɟɞɟɥɟɧɢɹ ɚɤɬɢɜɧɨɫɬɟɣ N ɢɫɬɨɱɧɢɤɨɜ, ɨɛɟɫɩɟɱɢɜɚɸɳɢɯ ɦɢɧɢɦɚɥɶɧɭɸ ɦɨɳɧɨɫɬɶ ɞɨɡɵ ɧɚ ɡɚɞɚɧɧɨɦ ɪɚɫɫɬɨɹɧɢɢ ɨɬ ɥɢɧɢɢ
ɪɚɡɦɟɳɟɧɢɹ. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɫɭɳɟɫɬɜɭɟɬ ɨɩɬɢɦɚɥɶɧɨɟ ɱɢɫɥɨ ɢɫɬɨɱɧɢɤɨɜ ɫ ɨɩɪɟɞɟɥɟɧɧɨɣ ɚɤɬɢɜɧɨɫɬɶɸ, ɚ ɬɚɤɠɟ ɩɨɪɹɞɨɤ ɢɯ
ɪɚɫɫɬɚɧɨɜɤɢ ɩɪɢ ɤɨɬɨɪɨɦ ɦɨɳɧɨɫɬɶ ɞɨɡɵ ɦɢɧɢɦɚɥɶɧɚ ɧɚ ɡɚɞɚɧɧɨɦ ɭɞɚɥɟɧɢɢ ɨɬ ɥɢɧɢɢ ɪɚɡɦɟɳɟɧɢɹ.
ɄɅɘɑȿȼɕȿ ɋɅɈȼȺ: ɢɡɥɭɱɟɧɢɟ, ɝɚɦɦɚ-ɤɜɚɧɬɵ, ɦɨɳɧɨɫɬɶ ɞɨɡɵ, ɚɤɬɢɜɧɨɫɬɶ, ɢɫɬɨɱɧɢɤ ɢɡɥɭɱɟɧɢɹ, ɦɢɧɢɦɚɥɶɧɚɹ
ɦɨɳɧɨɫɬɶ ɞɨɡɵ.
When dealing with radioactive waste (RAW) a problem raises as to their permanent or temporary storage. 
Generally RAW are stored in containers, barrels and tanks of various shapes, which are placed either on the floors of 
storage or in warehouses. In all cases, in accordance with the norms of radiation safety, it is necessary to ensure 
limitation of radiation exposure to the personnel and to the environment. Particularly, the exposure dose should be 
minimized along the borders of either the site of storage or the warehouses. The sources of radiation, arranged along 
these borders give the greatest contribution to the dose.
The aim of this work is to study the possibility of optimal layout of radiation sources to provide minimal dose rate 
at a fixed distance from the boundary of the storage floor or the wall of a warehouse. 
The sources of ionizing radiation are generally represented by containers in the form of barrels of different sizes 
filled with RAW of low and medium intensity [1-3], as well as by ventilated storage containers employed in the dry 
storage of spent nuclear fuel (DSSNF) at Zaporozhye NPP (Nuclear Power Plant) [4-5]. In the first case they are three-
dimensional cylindrical sources, and in the second case they are surface cylindrical sources. 
The amount of the radiation exposure induced by tanks filled with RAW depends on many factors: radionuclide 
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and elemental composition and density of RAW, thickness of the containers walls and their material, and finally, on the 
containers’ geometric parameters. The dependence between the dose rate and the distance is generally determined by 
geometrical characteristics of containers (when radiation shielding is absent). A variety of methods is used for 
calculation of the radiation dose characteristics: Monte-Carlo simulation, integration of point sources from all the 
volume, etc. [1-3]. It is well known that Ȗ-quanta flux and, accordingly, the dose rate at the distance r from the source to 
the detector: for the point source is proportional to 1/r2, and for the linear source it is | 1/r. These dependencies are 
slightly different for cylindrical sources. Fig. 1 shows an example of radial distribution of the dose rate induced by a 
single storage container filled with RAW whose burnout is 41.5 Mw  day/kg U and dwell time 5 years [4]. At the same 
figure the dose distribution effects are given for comparison, that decrease as r-n , where r is the distance from the 
surface to the point of detection, for n = 1.1 and n = 1.2. Fig.2. shows the radial distribution from radiation source 
having the form of a standard barrel of 200 liters, filled with RAW (construction waste with a density of 1.2 g/cm3,
radioactive nuclide 137Cs). For comparison the dose distribution effects decreasing as r-n, where n = 1,0 and n = 1,1 are 
also given. 
Fig. 1. Radial distribution of dose rate for the VSC 
WWER.
Fig. 2. Radial distribution of dose rate for the cylindrical 
source volume of 200 liters. 
SIMULATION METHODS
Let’s use a dependence of 1/r type as a model approximation of radiation for 3-d radiation sources. Let’s consider 
that N sources emitting qi gamma-quanta are arranged evenly along the x-axis where ɯsi – the position of i-source. Then 
Ȗ -quanta flux induced by i-source at the point having X and Y coordinates is determined by expression: 
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),(
YXxs
qYXn
i
i
i

 
S
J .      (1) 
The dose rate induced by N sources at the point having X,Y coordinates is determined by the expression: 
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where CȖ (E) is a gamma constant, depending on the energy of Ȗ -quanta E.
Then we examine dose fields generated by N sources evenly placed over the range 0 ÷ 1. Thus the coordinate of 
source number 1 is xs1 = 0, and the coordinate of source number N is xsN = 1. The amount of activities for all the 
sources is constant, so ¦
 
 
N
i
iq
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1 . Dependence of the dose rate on Y for different number of sources is shown on Fig. 3 
The data presented in Fig. 3 show that the type of dose rate distributions at different distances from the sources depends 
on the number of sources N. Besides, the number of sources defines the type of dose dependencies. The maximum dose 
rate distributions are also determined by the number of sources N. The dose rate is the highest for N = 2 at short 
distances from the sources disposal line (Y  0.1) (see Fig. 3a). With increasing Y the maximum value is composed of 
larger number of sources (see Figs. 3b, c, d). It should be noted that the amount of the sources’ activity is constant. The 
position of maximum dose distributions is obtained when X = 0.5 for all values of N at large distances comparable with 
the length of line that accommodates the sources (Y = 0.8, Fig. 3c).
The above figures indicate that, at different distances Y the maximum dose rate depends on the number of sources 
(the amount of sources’ activity is constant). It is evident, that for each value of Y, there is some optimal number of 
sources Nopt, providing minimum value for the maximum dose rate – PDminmax. Optimal values for number of sources 
Nopt producing the minimal dose rate at different distances from the source disposal line Y, when the radiation sources’ 
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total activity is constant, are given in Table 1. 
a) b) 
c) d) 
Fig. 3. Dependence of dose rate 
a) for Y=0. 1,        b) for Y=0.2,          c) for Y=0.4,           d) for Y=0.8.
Table 1 
Optimal values of a number of sources producing the minimal dose at different distances from the source disposal line 
Y 0,05 0.1 0.2 0.3 0.4  0.4 
Nopt  12 6 3 2 2 2 
The data presented in Table 1. and Fig. 3 illustrate the fact that two point sources produce maximum dose rate over 
short distances, for example,Y = 0.05 and q 1 =q 2 = 0.5. Therefore, to reduce the dose rate for such cases, it is necessary 
to distribute the sources’ activity along the source disposal line. With increasing Y the dependence of the maximum 
dose rate from the number of sources is ambiguous. Data from Fig. 3c,d show that, at reasonable distance (Y  0.4) the 
increase in the number of sources would entail increase in the dose rate. In a large number of versions the dependence 
of dose rate on the evenly distributed sources with similar activity has maximum at X = 0.5. It is obvious, that if the 
activity of the central sources is decreased and activity at the edges is increased, then the dose rate at the centre will 
decrease and at the edges will increase, and integrally the maximum dose rate will reduce.
Therefore, one must define values qi (for N > 2 since when N = 2, it is obvious that q1 = q2 = 0.5) that provide the 
least value of maximal dose rate at a distance Y for the interval 0  X  1. So, we believe that the amount of activity of 
all the sources is constant and equals to 1, and that the sources are evenly placed in the interval (0 ÷ 1). 
Expression for dose rate (2), depends on the position of the observation point (X,Y), as well as on the sources’ 
activity qi and the number of sources N. Let’s rewrite expression (2) like this: 
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where 22)(),,( YXixsYXxsR i  in our case, but may be different, for example, for the point source 
22)(),,( YXixsYXxsR i  , )1/()1(  Nixsi , i=1… N. Some other dependence, determined according to 
geometry and, consequently, to some other characteristics of the source, is possible. 
It’s necessary to find the activities’ distribution for N sources qi , which provide at a distance Y the least value of 
maximum dose rate , 0 X  1. This is a typical extremum task, but it can’t be solved with variation methods. Here the 
method of the least squares to determine the optimal values of qi may be applied..
Let's determine the average dose rate depending on Y in the interval, where sources 0  X  1 are placed, as 
follows:
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Then the dose rate standard deviation from its average value in the interval 0 X  1 will be determined by the 
ratio:
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Minimum value ),,( NqYG  will reach the minimum of qi that satisfy the following system of equations: 
0]),(,[  ii dqNqfYdG .      (6) 
Substituting (3), (4) and (5) into (6) and setting transformations we get: 
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Designating )( jijiji BCA  we’ll rewrite (7) in the following form: 
01133122111   NN AqAqAqAq "       
02233222211   NN AqAqAqAq "              (8) 
…………………………………………      
0332211   NNNNNN AqAqAqAq " .       
System of homogeneous equations (8) has a trivial solution qi = 0. However we have another equation binding the 
intensity of the sources 
1321   Nqqqq " .      (9) 
Then, excluding one of the equations of the system (8) and substituting (9) we’ll receive a heterogeneous equation 
system having non-trivial solution. In the system of equations (8) the 1st equation is replaced.
1321   Nqqqq "       
02233222211   NN AqAqAqAq "           (10) 
……………………………………………      
0332211   NNNNNN AqAqAqAq " .        
In the system of equations (8) 2nd equation is replaced.
01133122111   NN AqAqAqAq "       
1321   Nqqqq "     (11) 
……………………………………………     
0332211   NNNNNN AqAqAqAq "      
RESULTS AND DISCUTION 
Thus, we receive N systems with N equations with nonzero determinant. Accordingly we receive solution matrix
N × N. We will use average values for all systems as the optimal values of sources’ activity. Table 2 shows an example 
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of determination of optimal activities for 5 sources. 
Table 2. 
Optimal activities for 5 sourcesat a distance Y = 0.1 of the distribution line 
(q)1 (q)2 (q)3 (q)4 (q)5
Equation 1 0.253 0.166 0.168 0.173 0.241 
Equation 2 0.232 0.188 0.161 0.176 0.242 
Equation 3 0.244 0.167 0.179 0.167 0.244 
Equation 4 0.242 0.176 0.161 0.188 0.232 
Equation 5 0.241 0.173 0.168 0.166 0.253 
Average 0.2424 0.174 0.1674 0.174 0.2424 
Fig. 4 shows the dependence of dose rate at different distances for the optimal activity values for 4 and 8 sources. 
To compare, the dose dependencies according to the uniform distribution of sources qN = 4 = 0.25 and qN = 8 = 0.125 are 
also presented. The results of the calculations shown in Fig. 4 reveal that with the even distribution of sources activities 
the maximum dose is greater than in the case with the optimal source activities distribution. 
a) b) 
Fig. 4. The dependence of dose rate. 
a) with N of sources = 4,                                                           b) with N of sources = 8
Fig. 5 illustrates the degree of optimal activities deviation from their uniform values.
a) b) c)  
Fig. 5. Optimal distribution of source activity 
a) N = 3, b) N = 4, c) N = 8.
At small values of Y (Y  0.1) the optimal activity values qopt are slightly different from the uniform distribution 
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qgom. With increasing Y the optimal activities qopt for the sources placed at the edges of the interval 0 and 1 grow as 
compared to the uniform values of qgom.
 The studies to determine the optimal number of sources (total source activity is constant), which creates the 
minimum dose rate at the specified distance have been conducted. Presented in Fig. 6 data show that the dose rate raises 
at short distances (Y = 0.1) when the activities are divided into 2 sources as well as when the number of sources is large. 
Anyway optimal number of division exists, which provides the minimum dose rate. For Y = 0.1 division of the 
activities into 5-6 sources provides the minimal dose rate. With grow of Y the increase in the number of sources 
(divisions) results in a slow increase of the dose rate. But in the case of large distances (Y > 1.5) the dose rates actually 
do not depend on the number of the sources. 
CONCLUSION
For constant total sources activity (i.e. the number of 
RAW to be located is constant): 
1. It is shown that for a linear arrangement of 
radiation sources with the same activity the dose rate at a 
specified distance along the distribution line depends on 
the number of sources.
2. Methodology aimed to determine activities of N 
radiation sources arranged along the line and providing the 
minimum dose rate at a specified distance from the 
accommodation line has been worked out. 
3. When carrying out calculations aimed at 
optimizing the sources an inversely proportional 
dependence of dose rate on the distance was used. Our 
methodology allows using any dependency.
4. It has been shown that for any distance along the 
distribution line there is an optimal number of sources Nopt
with a specific activity, as well as their layout at which the 
dose rate is minimal. 
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Fig.6. The dependence of maximum dose rate on the number 
of sources at different distances (dose rate dependence  d(r) |
r-1)
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